Abstract Inflammation may contribute to cognitive decline and dementia. This study examined the cross-sectional relationships between markers of systemic inflammation (C-reactive protein, interleukins-1β, -6, -8, -10, -12, plasminogen activator inhibitor, serum amyloid A, tumour necrosis factor-α and vascular adhesion molecule-1) and cognitive function in 873 non-demented community-dwelling elderly participants aged 70-90 years. Regression analyses were performed to determine the relationships between cognitive domains and inflammatory markers, controlling for age, sex, education, cardiovascular risk factors, obesity and other metabolic factors, smoking, alcohol consumption, depression and presence of the apolipoprotein ε4 genotype. Regression analyses were repeated using four factors derived from a factor analysis of the cognitive tests. After Bonferroni correction for multiple testing, associations remained between raised levels of interleukin-12 and reduced performance in processing speed. Marked sex differences were noted in the abovementioned findings, with only females being significantly affected. Using the AGE
four factors derived from the factor analyses of cognitive test as dependent variables, interleukins-12 and -6 were both associated with the processing speed/executive function factor, even after controlling for relevant confounding factors. Thus, markers of systemic inflammation are related to cognitive deficits in a non-clinical community-dwelling elderly population, independent of depression, cardiovascular or metabolic risk factors, or presence of apolipoprotein ε4 genotype. Additional research is required to elucidate the pathophysiology and longitudinal development of these relationships.
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Cognitive impairment and dementia are disabling conditions that are increasingly common with advancing age. With a rapidly ageing population, it is imperative to identify modifiable risk and/or protective factors associated with cognitive decline. One such factor may be low-grade systemic inflammation. A link between systemic inflammation and dementia was first hypothesised after discovery of up-regulated inflammatory processes localised to Alzheimer's disease (AD) pathology in post-mortem brain specimens (Ishii et al. 1975; Rogers et al. 1988) . Subsequent research has identified an association between dementia and markers of systemic inflammation. In crosssectional analysis of clinical populations, a reasonably consistent finding has been an association between dementia and higher levels of interleukin (IL)-1β, IL-6, C-reactive protein (CRP) and tumour necrosis factor-α (TNF-α) (Alvarez et al. 2007; Bermejo et al. 2008; Bruunsgaard et al. 1999; Dimopoulos et al. 2006; Engelhart et al. 2004; Licastro et al. 2000; Zuliani et al. 2007 ). Investigations have recently extended work on systemic inflammation to pre-dementia syndromes such as mild cognitive impairment (MCI) suggesting that increases in measures of low-grade systemic inflammation are linked to cognitive impairment. For example, studies have shown that increased levels of TNF-α are found in MCI patients compared to normal controls (Alvarez et al. 2007; Bermejo et al. 2008) .
Similarly, systemic inflammation has been observed to increase with age in humans, of potential relevance for cognitive ageing. Termed 'inflammaging' (Franceschi et al. 2007 ), this age-related phenomenon includes a lowgrade chronic inflammatory response, decline in adaptive immune mechanisms and concurrent up-regulation of the innate immune system (Giunta et al. 2008 ). This concept has been partially supported by initial studies of cognitively intact community-dwelling populations, which evaluate the impact of systemic inflammation on cognitive function. High levels of CRP and IL-6 have been commonly associated with poor cognitive performance in older cohorts (Alley et al. 2008; Komulainen et al. 2007; Marsland et al. 2006; Ravaglia et al. 2005; Schram et al. 2007; Weaver et al. 2002) . However, several studies have not replicated these findings (Baune et al. 2008; Fischer et al. 2006; Schram et al. 2007 ). Instead, the MEMO study found that high levels of IL-8 were associated with low cognitive performance (Baune et al. 2008) . Longitudinal data have not lessened the controversies of dominance of any particular inflammatory marker. For example, a 5-year longitudinal study found high IL-6 levels predicted cognitive decline (Schram et al. 2007) ; in contrast, a 3-year longitudinal study failed to show any predictive influence of IL-6 levels (Dik et al. 2005) . Other studies have suggested that it is the cognitive ability that predicts the level of inflammation, with low cognitive ability in childhood or early adulthood predicting high levels of systemic inflammation in middle or old age (Luciano et al. 2009; Phillips et al. 2011) .
The conflicting findings evident in the 'inflammaging' literature could be attributed to considerable methodological disparities between the abovementioned studies, which significantly reduce study comparability. Key discrepancies include measurement of circulating inflammatory markers, i.e. their type, method and assay sensitivity; and importantly, neuropsychological assessments of cognition. For example, some studies have relied only on the minimental state examination (MMSE), which is only a screening questionnaire. Another limitation of prior studies is residual confounding, i.e. not adjusting for, or else inaccurately measuring, confounding variables. Few comprehensive studies have been conducted with a large array of markers in a carefully characterised population with an extensive battery of neuropsychological tests.
Another key methodological concern arises from the interrelated biological variables that affect both systemic inflammation and cognition. Whilst some studies have controlled for only basic demographics (Dik et al. 2005; Schram et al. 2007) , several utilised multiple adjustments including medical, psychological, genetic and lifestyle factors (Alley et al. 2008; Baune et al. 2008; Fischer et al. 2006; Ravaglia et al. 2005; Weaver et al. 2002) . A consistent evidencebased approach is lacking in this regard.
This paper seeks to advance the 'inflammaging' literature by exploring the relationship between a broad array of systemic inflammatory markers and a comprehensive assessment of cognitive function in a large non-demented community-dwelling elderly cohort. Based on past findings, we expected to find an association between increased systemic inflammation and impaired cognitive performance, especially for biomarkers such as IL-6, IL-8 and CRP. We included vascular adhesion molecule-1 (VCAM-1) as it has been found to be elevated in patients with dementia but has not been previously measured in a community sample (Dimopoulos et al. 2006; Zuliani et al. 2008) . TNF-α, IL-1β, IL-10 and IL-12 were included on the basis of a consistent association with MCI (Alvarez et al. 2007; Bermejo et al. 2008) and dementia (Bagnoli et al. 2007; Deniz-Naranjo et al. 2008; Motta et al. 2007 ). Plasminogen activator inhibitor-1 (PAI-1) and serum amyloid A (SAA) were included as they are activated by some of the previously mentioned inflammatory markers (Uhlar and Whitehead 1999; Soeda et al. 2008) . Our approach differs from prior studies, not only in our comprehensive assessment of serum inflammatory markers and neuropsychological function, but by controlling for a range of well-measured possible confounders including depression, cardiovascular risk factors, obesity, metabolic factors, smoking, alcohol consumption and apolipoprotein E (APOE) genotype. In addition, this study explores sex differences on the impact of inflammation on cognition, as sex differences in dementia risk factors were recently outlined in a review (Azad et al. 2007 ).
Materials and methods

Participants
Participants were drawn from the Sydney Memory and Aging Study (MAS), which has been described in detail elsewhere (Sachdev et al. 2010) . In brief, MAS is a prospective population-derived cohort comprised of 1,037 non-demented communitydwelling adults aged 70-90 years at enrolment. The sample is not more economically deprived than the general population. Exclusion criteria included insufficient English, sensory deficits precluding neuropsychological assessment, major neurological or psychiatric disorder (multiple sclerosis, motor neuron disease, central nervous system inflammation, developmental disability, psychotic symptoms, schizophrenia or bipolar disorder) or progressive malignancy. Individuals were also excluded if they had a prior diagnosis of dementia (DSM-IV-TR criteria; American Psychiatric Association 2000) or a baseline MMSE (Folstein et al. 1975 ) score of less than 24 after adjustment for age, years of education and non-English speaking background (NESB) (Anderson et al. 2007) .
MAS participants underwent an extensive assessment including a detailed medical and lifestyle history, physical and mental status examination, comprehensive neuropsychological assessment and fasting early morning blood tests (including routine biochemistry, glucose and systemic inflammatory markers). Because of uncertainty of the validity of their neuropsychological test scores, NESB participants were excluded from the present study. Thus, a total of 873 participants with both neuropsychological and biomarker data was available for the analysis (see Fig. 1 ). Ethics approval for this study was granted by the University of New South Wales and the SouthEastern Illawarra Area Health Service-Eastern sector (HREC 05037) and consent was obtained for all participants.
Neuropsychological tests
A comprehensive neuropsychological test battery was administered by trained psychology graduates. Twelve tests were conducted representing the diverse array of cognitive functions impaired with ageing, producing a total of six cognitive domains (see Table 1 Fastenau et al. 1998; Kaplan et al. 2001 ) and semantic fluency (Animal Naming Task; Spreen and Benton 1969) were utilised to examine language domain. Trail Making Test A (TMTA; Reitan and Wolfson 1993) and DigitSymbol Coding task (Wechsler 1997) were used to assess processing speed domain. The Block Design task (Wechsler 1981 ) and the Grooved Pegboard Test (Klove 1963 ) assessed visuo-spatial domain and fine motor domain, respectively.
Inflammatory markers
Blood was collected after an overnight fast, clotted, aliquoted and frozen at −80°C. An array of inflammatory biomarkers were analysed, including interleukins (IL-) -1β, -6, -8, -10, -12p70, serum vascular cell adhesion molecule-1 (sVCAM-1), PAI-1, SAA, TNF-α and CRP.
sVCAM-1, PAI-1 and SAA levels were measured using commercially available sandwich enzymelinked immunosorbant assay (ELISA) kits. The sVCAM-1 and PAI-1 ELISA kits were obtained from Bender Medsystems GmbH (Austria, Europe). The detectable range was 3.1-100 ng/ml for sVCAM-1, and 78-5,000 pg/ml for PAI-1. SSA ELISA kit was obtained from United States Biological (USA) and had a detectable range of 9.4-600 ng/ml. High sensitivity CRP was measured via Near Infrared The cytokines IL-1β, IL-6, IL-8, IL-10, IL-12 and TNF-α concentrations were measured using cytometric bead array (CBA, BD Biosciences, San Diego, CA, USA). Six bead populations with distinct fluorescence intensities were coated with capture antibodies specific for the corresponding proteins. These bead populations were mixed together to form the BD CBA, which resolved in the FL3 channel of a flow cytometer (BD FACSCalibur). The capture beads, PE-conjugated detection antibodies and recombinant standards were incubated together to form sandwich complexes. Following acquisition of sample data using the flow cytometer, the results were generated in graphical and tabular format using the BD CBA Analysis Software. The intra-assay coefficients of variation were 4-7% for IL-1 β, 5-8% for IL-6, 2-5% for IL-8, 5-6% for IL-10, 3-6% for IL-12 and 6-10% for TNF-α. The inter-assay coefficients of variation were 8-13% for IL-1β, 8-10% for IL-6, 4-7% for IL-8, 8-11% for IL-10, 6-9% for IL-12 and 8-15% for TNF-α.
Covariates
All analyses of the relationships between inflammatory markers and cognition were performed with participants' age, sex and years of education as control variables. Further covariates were selected based on their impact on cognition and inflammation in our sample. Factors demonstrated in the literature, to have an effect on inflammation and/or cognitive function in the elderly, were also taken into account. The final covariates were depression (van den Biggelaar et al. 2007 ), cardiovascular and metabolic factors (Danesh et al. 2000; Kuo et al. 2005; Lezak et al. 2004; Strachan et al. 2008; Warnberg et al. 2009; Wilson et al. 2002) and APOE genotype (Henderson et al. 1995) . Cardiovascular factors were diagnosed history of angina, acute myocardial infarction (AMI), cerebrovascular accident (CVA), transient ischaemic attack, hypertension, alcohol consumption and regular current or past smoking. Alcohol consumption was defined as abstainers, one drink per day, or more than one drink per day in the last year. Each participant identified whether they engaged in regular smoking, either currently or in the past. Metabolic factors were recorded: body mass index (BMI, weight/height 2 ), diagnosis of diabetes mellitus (DM) and fasting blood glucose. DM was defined as either having a previous diagnosis made or current fasting glucose >7 mmol/L. Normal and IFG states were defined using the American Diabetes Association criteria: normal ≤5.5 mmol/L, IFG defined by glucose between 5.6 and 6.9 mmol/L. Depressive symptoms were assessed by the 15-item Geriatric Depression Scale (GDS; Sheikh and Yesavage 1986) , which has been shown to be valid and have excellent test re-test reliability (Sheikh et al. 1991) . The continuous GDS was included as a covariate.
Of 873 participants included in analysis 861 (99%) had data relating to APOE genotype. Genomic DNA was extracted from peripheral blood leukocytes using standard procedures and stored at Genetics Repositories Australia. APOE genotyping was undertaken by genotyping the two single nucleotide polymorphisms (SNPs, rs7412 and rs429358) that distinguish between the three APOE alleles ε2, ε3 and ε4. Genotyping was performed using Taqman assays (Applied Biosystems Inc.
[ABI], Foster City, CA, USA). The validity of the APOE genotyping was confirmed in a subsample using an alternate genotyping method (Hixson and Vernier 1990) . APOE genotyping results were available for more than 99% of the DNA samples and the allele frequencies in Caucasians for each of the two SNPs were in Hardy-Weinberg equilibrium (p > 0.05). In analysis, participants were coded as either carriers or non-carriers of the ε4 allele.
Statistical analyses
Data analyses were performed using software programme PASW Statistics 18.0 (SPSS Statistics 2008). Biomarker distributions were highly skewed, and attempts to transform to approximately normal distributions were not successful. Therefore, regression analyses were carried out using the four quartiles of each inflammatory marker as an independent variable and cognitive domains as the dependent variables. Cognitive domain composite scores were formed by averaging the z-scores of the component neuropsychological tests (see Table 1 ) and transforming to normal scores, using Blom's (1958) procedure. Preliminary analyses were carried out to ensure no violation of relevant assumptions including, normality, linearity, homoscedasticity, homogeneity of variances and homogeneity of regression slopes. Age and sex were included as covariates in an initial set of analyses and in all subsequent analyses. Education was included subsequently. Data were analysed again to explore the impact of the following additional covariates, namely depression, cardiovascular factors, metabolic factors, alcohol consumption and APOE ε4 genotype. Bonferroni correction to the type 1 error rate was implemented to account for multiple testing, with the adjusted value being set at 0.008 (0.05 divided by six tests). To examine any sex differences, data were also categorised by sex and the regression analyses were conducted again, but only for those inflammatory markers that had a significant association with cognition after Bonferroni correction for multiple testing.
Two additional analyses were carried out. The inflammatory markers and the cognitive tests both underwent a factor analysis procedure and three and four factors were extracted, respectively. The three factors of inflammation were then replaced instead of the ten inflammatory markers within a series of regression analyses, similar to the ones described above, keeping the cognitive domains and including all available covariates. In addition, the four cognitive factors replaced the six cognitive domains and were included in a series of regression analyses. Table 2 presents general characteristics of the MAS cohort for which inflammatory analysis was undertaken. The mean age was 78.7±4.8 years, 52% of the sample was female and mean duration of education was 11.6±3.5 years. These characteristics were not significantly different to those of the total sample. Twelve percent had suffered an MI, whilst 4% had a prior diagnosis of CVA. Mean BMI was 27.1±4.5 and 13.4% of participants had pre-existing diagnosis of diabetes mellitus. Although 54% of the sample had a past history of regular tobacco smoking only 7% of these had smoked in the past month. Consistent with epidemiological findings for a Caucasian population, carriers of an APOE ε4 allele (Christensen et al. 2008) were 20% of the cohort. There were a number of differences between males and females, including education, BMI, percentage of people who had/have angina, CVA, AMI, DM, fasting blood glucose, and the levels of HDL cholesterol, smoking and alcohol consumption.
Results
Descriptive statistics
Correlations between inflammatory markers Table 3 shows the Pearson's correlation coefficients for the inflammatory biomarkers. Whilst PAI-1 correlated significantly only with VCAM-1, TNF-α and CRP, most of the other inflammatory markers correlated with each other. In fact, out of the 45 correlations, 29 were statistically significant. Table 4 shows the mean and standard deviation for the raw data of each quartile for each inflammatory marker.
Relationships between inflammatory markers and cognition Table 5 shows the results for the regression analyses when using each domain as a dependent variable and all of the inflammatory markers (represented as quartiles) as the independent variables. Significant relationships were found suggesting that as inflammation increases cognitive function decreases. Model 1 was adjusted for age and sex, model 2 was adjusted for age, sex and years of education, while Model 3 included all the covariates described above. This was done to show the importance of the inclusion of the covariates when understanding the relationship between systemic inflammation and cognition. Education was included separately because education could be used as a proxy marker for cognitive ability in earlier life, and if the correlation between inflammation and cognition without adjustment for education is stronger it could suggest that cognition affects inflammation. Model 1 and model 2 suggest that some relationships between cognition and inflammation were stronger when not correcting for education (e.g. model 1 showed stronger significant associations compared to model 2). Although suggestive, this could indicate that cognitive ability predicts inflammation, and that in turn inflammation affects cognitive ability.
Model 3 outlines the relationship between inflammation and cognition when controlling for all the covariates. After Bonferroni correction for multiple testing, only one relationship remained significant. High levels of IL-12 were associated with poor performance on attention/processing speed domain (F(1,659) = −2.90, p = 0.004; partial eta squared, 0.032). It is important to note that removing those individuals with DM from the sample did not diminish any significant result; on the other hand, it strengthened many associations (data not shown). Results were 
Principal component analysis of inflammatory markers
It was logical to examine, with multiple parameters of inflammation, whether we could derive general inflammatory factors using factor analysis (oblique). The ten inflammatory markers loaded on three different factors: first factor was comprised of TNF, IL-1, IL-6, IL-10 and IL-12, we named it cellular inflammation; second factor was comprised of CRP and amyloid A and we named it vascular inflammation; and third factor PAI was by itself, which was to be expected since it is suspected to be neuroprotective. IL-8 did not load more than 0.39 in any of the factors and thus it was excluded. We conducted six regression analyses (for each cognitive domain), including all covariates and the three inflammatory markers as independent variables. We found that high cellular inflammation was associated with poor PAI-1 plasminogen activator inhibitor-1, VCAM-1 vascular adhesion molecule-1, TNF-α tumour necrosis factor alpha, CRP C-reactive protein, SAA serum amyloid A, IL-10 interleukin-10, IL-6 interleukin-6, IL-8 interleukin-8, IL-1β interleukin-1β, IL-12 interleukin-12p70 
Principal component analysis of cognitive tests
Because cognitive tests are multifactorial and usually measure more than one domain, factor analysis was done on all the cognitive tests to construct four factors (described in Table 6 ). Regression analyses were again conducted and results can be found in Table 7 .
Results showed that after Bonferroni correction, IL-6 and IL-12 were both associated with executive function/processing speed domain.
Discussion
This study analysed the relationship between a comprehensive array of systemic inflammatory markers and cognitive performance in a large nondemented community-dwelling elderly cohort, whilst taking a step-wise approach to covariate inclusion. Sex differences, which have been shown to be important in understanding the risk factors for dementia, were also examined in this study. As hypothesised, significant associations between inflammatory status and cognitive function were observed which indicated that higher levels of low-grade systemic inflammation were associated with poorer cognitive function. When a comprehensive array of covariates was included in the analysis, the majority of these associations were strengthened. Table 7 Regression analyses using each cognitive factor as the dependent variable and all the inflammatory markers as the independent variables
IL - After Bonferroni correction, a raised level of IL-12 was associated with poorer performance in processing speed domain. There were marked sex differences in the relationship of IL-12 with cognition, with elevated IL-12 significantly associated with low scores on processing speed only in females. Our finding suggests that there could be a biological sex difference that increases inflammation and impairs cognition. Together with our finding of higher glucose and HDL levels in females, this finding highlights the need for further research on sex differences in risk factors for cognitive decline. The only other study to assess IL-12 in a non-clinical elderly sample did not find such relationships (Baune et al. 2008 ), however their sample was younger. Elevated levels of IL-12 have however been found in mild and moderate AD (Motta et al. 2007) . Longitudinal examination of the association with MCI and its subtypes in our sample may illuminate whether our association is specific for a pattern of cognitive performance heralding AD.
Because cognitive tests are usually multi-factorial and assess a range of domains, some more strongly than others, we also conducted factor analysis of all cognitive tests to yield four factors. The association of IL-2 and cognition was again evident. However, IL-6 reached significance after Bonferroni correction. Both were associated with executive function/processing speed domain. Our results were similar to previous studies that found a negative association between IL-6 levels and cognition (Marsland et al. 2006; Wright et al. 2006) .
The association of inflammation with processing speed/executive domain suggests a potential impact of systemic inflammation on frontal-subcortical structures thought to subserve this domain. Furthermore, as processing speed and executive function are key cognitive domains known to be affected by the ageing process (Buckner 2004; Lezak et al. 2004; Salthouse 1996) , the results support a phenomenon of 'inflammaging' which directly affects cognitive function. The way in which the impact of low-grade systemic inflammation on cognition is mediated is at present unclear. The known association between cognitive ageing and white matter pathology (Gunning-Dixon et al. 2009 ) raises the possibility that a proinflammatory state could result in acceleration of white matter damage or progressive loss of white matter integrity on the basis of microvascular damage. This idea is supported by the Rotterdam Study of 1,033 dementiafree elders (aged 60-90 years) which reported a significant association between elevated CRP and the presence and 3-year progression of white matter lesions on magnetic resonance imaging (van Dijk et al. 2005) . The relationship between other inflammatory markers and white matter pathology awaits further study in the present cohort.
Factor analysis on the inflammatory markers revealed three separate constructs, which we named cellular inflammation, vascular inflammation and PAI-1. Elevated cellular inflammation, comprised of TNF, IL-1, IL-6, IL-10 and IL-12, was associated with poor memory performance. The predictive value of this construct on cognitive decline requires further study in the present cohort.
Systemic inflammatory markers, such as CRP, which have been previously documented to be elevated when measures of cognitive performance are poor (Gimeno et al. 2008) , showed no associations with cognition in this sample. Contrary to a longitudinal study that did not find an association between SAA and cognitive decline (Jordanova et al. 2008) , our study demonstrated an association between high SAA levels and lower performance on processing speed and fine motor domains, but not after Bonferroni correction.
Although TNF-α has been repeatedly implicated in dementia (Bruunsgaard et al. 1999; Paganelli et al. 2002; Zuliani et al. 2007 ) and predementia populations (Alvarez et al. 2007; Bermejo et al. 2008) , in the present study, raised TNF-α was not associated with low performance in any cognitive domain. Nor did we find an association between the plasminogen activator inhibitor-1 (PAI-1) and any cognitive domain, even though it was expected that PAI-1 would be protective for cognition. It could be that PAI-1 is only protective when there is already some cognitive impairment. This is supported by a study that also used the MAS sample, which showed that levels of PAI-1 were lower in those amnestic multiple domain mild cognitive impairment compared to those with normal cognition (Trollor et al. 2010 ).
Our study has major strengths including sample size, the use of a comprehensive battery of inflammatory markers and neuropsychological tests. Our incorporation of multiple covariates in a hierarchical approach clearly demonstrates robust relationships between inflammatory markers and cognition, which could not be attributed to the confounding influence of depression, measured cardiovascular and metabolic factors, or APOE genotype. A weakness in this analysis is the single-point measurement of inflammatory markers. The study is currently limited by its crosssectional design and hence we cannot definitely attribute causality in the relationships we have detected. However, future longitudinal observations in this well-defined population can help delineate the nature of the relationships.
In conclusion, this study supports the growing evidence of an increase of low-grade systemic inflammation associated with decreased cognitive function, especially in processing speed, in the elderly. This relationship remains robust despite adjusting for potential confounders including current depression, cardiovascular and metabolic factors and APOE genotype. However, this study underscores the importance of examining sex differences in inflammation. Longitudinal follow-up is required to assess the validity of these inflammatory markers in predicting cognitive decline and dementia progression in this cohort. In addition, future studies examining the relationship between systemic inflammation and structural brain changes in the elderly are required to further explore the effect of inflammation on brain integrity.
